Abstract Pedriatric acute kidney injury (AKI) is a welldescribed clinical syndrome that is characterized by a reduction of both the urine output and glomerular filtration rate. AKI in critically ill children is typically associated with multiple organ dysfunction. A dramatic increase in the incidence of AKI in pediatric intensive care units has been observed in the last 10 years. Unfortunately, the absence of sufficiently effective preventive and therapeutic measures at the present time has limited significant improvements in AKI care. Morality in patients with severe AKI remains unacceptably high (>50 %), with renal replacement therapy (RRT) remaining the most effective form of support for these patients. Despite technological advances during the last 10 years which have resulted in the development of the so-called "third-generation dialysis machines" that are characterized by the highest level of safety and accuracy, a truly pedriatric RRT system has never been developed. Consequently, dialysis/hemofiltration in critically ill children is currently performed by adapting adult systems to the much smaller pediatric patients. In particular, research in this field should focus on children weighing less than 10 kg for whom the delivery of RRT is a clinical and technological challenge. We describe here the evolution of pediatric RRT during the last 30 years and report in detail on the CARPE-DIEM project, which has recently been established to finally provide neonates and infants with a reliable dialysis machine that is specifically designed for this age group.
Introduction
The syndrome currently identified as acute kidney injury (AKI), presents a well-known clinical picture dominated by an abrupt decrease in renal function with diminished urine output, edema, (salt and water overload), hypertension, vomiting, lethargy (uremic encephalopathy), and mild to severe abnormal laboratory test results. This condition may be managed with conservative measures, especially when urine output is maintained, but management may also require extreme measures, such as the initiation of dialysis. Etiology is often multifactorial, including cardiac diseases, sepsis, dehydration, oncologic conditions, and specific pediatric renal disorders.
While the clinical syndrome of AKI has not changed over time, due to advances in critical care, many of the small infants currently receiving care have a significantly higher illness severity than those in the past. Furthermore, AKI today is frequently part of a multiple organ dysfunction syndrome (MODS), with the smaller pediatric patients being sicker and presenting with a more complicated clinical picture than years ago [1] . Recent epidemiological studies utilizing pediatric AKI classification systems have confirmed that the presence of AKI in critically ill pediatric children represents an independent risk factor associated with mechanical ventilation, increased length of stay in intensive care units and hospital, and mortality [2] .
Here we report on AKI management in infants and children, based on our 30-year experience of research in the field, describing our contribution to the development of new devices and new equipment, especially in the area of continuous renal replacement therapies (CRRT) [3] .
The birth of CRRT in infants and children
In the 1980s, recent advances in technology made intermittent hemodialysis (HD) possible even in small patients. This technique, however, was difficult and not routinely applied [4] . Peritoneal dialysis (PD), however, had already been used for blood purification in infants and had produced some positive clinical results [4] . In fact, in these patients severe cardiovascular instability, respiratory problems, and other medical complications often precluded HD. Still, PD was technically impossible or undesirable in cases of recent abdominal surgery and skin infection. PD was often carried out manually, with possible errors, although significant improvements were achieved with specific pediatric sets developed by our group in the early 1980s (Fig. 1) . Moreover, severe fluid overload could not effectively be treated by PD because of its low ultrafiltration (UF) capacity and the hyper-permeability of the neonatal peritoneal membrane, often leading to severe hyperglycemia. In all these conditions, an alternative treatment was needed.
Continuous arterio-venous hemofiltration (CAVH) was a simple method for blood purification and body fluid control originally described by Kramer et al. in adults in 1977 [5] . In this classic system, a small hemofilter is connected to an artery and a vein, and a simple arterio-venous hydrostatic pressure gradient generated by the heart moves the blood through the circuit, producing slow continuous UF. Blood purification is mainly achieved by convection. Replacement of the ultrafiltrate by substitution solutions contributes to lower solute levels in the blood. No pumps are used in this classic method, and the system operates with low blood flows and low transmembrane pressures (TMP) [6] . In Vicenza, CAVH has been widely used in adults since 1979 as an alternative treatment for critically ill patients in which HD or PD is contraindicated or precluded. We contributed to the evolution of the technique and the deeper understanding of CAVH, leading the investigation towards new devices and specific hardware [7, 8] . Although we were not a pediatric nephrology division, we received recurrent requests from the department of pediatric surgery for the immediate development of renal replacement therapy (RRT), particularly RRT suitable for neonates developing AKI after cardiac surgery. Our experience suggested that simplicity, rapid application, and good clinical tolerance demonstrated by CAVH in adults could also make it a reliable treatment for infants and children [9] . In these patients, the technique could offer special advantages in terms of low priming volume of the extracorporeal circuit, low rate of heparinization, low blood flow, and slow continuous removal of isotonic fluid. The realization of a pediatric CAVH became reality thanks to a fruitful collaboration with Prof. Juan Bosch at Mount Sinai Hospital in New York and Eng. Luciano Fecondini, the head of R&D of Amicon Corporation (Limerick, Ireland). We originally had four small prototype filters with only few hollow fibers intended to be used to separate plasma water from blood in the laboratory. We created a modified CAVH circuit with shortened blood lines and connected the small filter (minifilter) and the circuit to an artery and a vein. This circuit was able to run for 48-72 h in the fourth patient treated in Vicenza and the first such patient in the world. Heparin and substitution fluids were administered according to the fluid balance requirements. An average UF rate of 0.9 ml/min was achieved by this pioneering system. Figure 2 is a photograph made of the first CAVH treatment carried out at the San Bortolo Hospital in Vicenza. The results in these four patients were subsequently published as the first application of CAVH in neonates [9] .
The evolution of CRRT in infants and children
The initial experience led to an immediate evaluation of the requirements for an adequate CAVH in infants, namely, a reliable vascular access, adequate technical devices and supplies, specific extracorporeal circuits, precise UF control systems, compatible fluids for replacement, adequate anticoagulation regimens, accurate monitoring systems to improve quality of management, safety, and performance.
Vascular access
An adequate vascular access in CAVH was required to generate the arterio-venous hydrostatic gradient needed to move the blood through the filter [10] . Shortness and large diameter of the cannulas were critical to achieve a good blood flow while avoiding unnecessary pressure loss. Flexibility without any reduction of the inner lumen of the cannula and good clinical tolerance were two other important features of the vascular access. Several vascular access routes were been utilized in infants in the early 1980s, including umbilical vessels and brachial artery or femoral artery cannulation (with surgical isolation of the artery). Flexible Teflon cannulas (18-20 gauge) that were 20-25 mm long were generally employed. Mean arterial pressure in the newborn generally ranged from 35 to 50 mmHg, resulting in blood flows ranging from Fig. 1 A pioneering pediatric precision set for peritoneal dialysis: the need for accuracy and fluid balance exact monitoring was characterized by the presence of small measuring bags that enabled a strict control of inflows and outflows 15 to 40 ml/min [11] . Cannulation of the brachial or femoral artery in infants led in some cases to distal hypoperfusion of the arm and had to be replaced. The jugular or subclavian veins were the most common route for venous return, while femoral veins were avoided if at all possible.
Extracorporeal circuit
Blood tubings especially created for CAVH in infants became commercially available: the arterial line had to be as short as possible in order to avoid an unnecessary pressure drop due to high resistance. Since CAVH operates at low pressures, a loss of 5-10 mmHg along the circuit could seriously affect the UF rate and, consequently, treatment efficiency. For the same reason, a hemofilter with a very low end-to-end pressure drop was required, together with short connections with an adequate diameter between the venous line and the jugular cannula. A port for continuous heparin infusion and another port for arterial blood sampling were designed in the arterial line. The sampling port could also be used for pressure measurements or for the use of the filter in a pre-dilution mode [12] .
The venous line presented a port for the infusion of replacement solutions and a venous blood sampling port, both of which could also be used for pressure measurements. At the inlet and outlet of the circuit, wide-bore three-way taps were often placed to exclude the patient's circulation during lavage of the filter with heparinized saline solution. The length of the ultrafiltrate line was fundamental to maximization of the negative pressure exerted on the membrane by the ultrafiltrate column when the collecting bag was placed on the floor. This pressure definitely contributed to increased UF. The low priming volume of the circuit (<20 ml), compared to that of the classic HD systems, further increased the clinical tolerance to the treatment.
The "Minifilters"
The availability of adequate filters is the key to performing CAVH in infants: low priming volumes have to be coupled with a very low resistance in the blood compartment [13] . These conflicting features could not be achieved with standard fibers and designs, since the small inner diameter associated with a simple reduction in filter size would have resulted in the design of long filters with an elevated internal shear stress. A definite improvement came from the development of a new shorter polysulfone hollow fiber with a larger inner diameter (initially 500 μm and subsequently 1100 microns). Our initial clinical tests were carried out with a polysulfone hollow fiber hemofilter (surface area 0.005 m 2 ) made by Amicon (Danvers, MA). A few years later, this prototype was improved with a larger surface area (0.015 m 2 ), optimized flow-dynamic design, the addition of a port for dialysate inflow, and was called the "Minifilter". This filter, however, was in some instances still insufficient to guarantee an adequate amount of ultrafiltrate per day. A newer series of minifilters was then developed based on our suggestions, and this design was called the "Minifilter plus". These latter filters were designed to operate with minimal end-to-end pressure drop during CAVH in infants. The low resistance, which was the main feature of the filters, allowed relatively high flows even at very low perfusion pressures. With these devices, UF ranged between 0.5 and 2 ml/min. Additional factors, such as the negative pressure exerted by the ultrafiltrate column, helped to increase the rate of UF when needed. Previous filters had achieved UF rates of between 0.5 and 1.5 ml/min, with a plateau value at 2.0-2.5 ml/min for TMP values between 20 and 70 mmHg and a blood flow of 20-30 ml/min. At similar pressures, the Minifilter Plus achieved significantly higher UF rates (range 3-4 ml/min) with a blood flow of up to 40-50 ml/min. Moreover, the short length of these membranes was a specific design that was conceived to allow filtration to occur over the entire length of the filter, thereby avoiding an early occurrence of filtration pressure equilibrium (when hydrostatic forces driving UF reach equilibrium with increased oncotic pressure derived from de-hydrated hyperproteinemic blood). Hence, the achievement of lower filtration fractions (<15 %) resulted in ideal operating conditions for the membrane and a consequent extended filter life-span with minimal heparin requirement [14] . Finally, due to the higher sieving properties of the membrane, the concentrations of the various solutes in the UF were identical to plasma water [15] , optimizing blood clearance. The removal of large amounts of ultrafiltrate from the patient (1-2 l/day) required the administration of a substitution fluid to maintain an adequate balance. Depending on the patient's requirements, the UF was replaced in part, in whole, or even in excess. The replacement solution was initially administered by manual methods, and semiautomatic or completely automatic systems were employed at later dates [16] . Particular care was given to obtaining the scheduled fluid balance because of the high sensitivity of the neonate to even small variations in body fluid balance and composition. Initially, effluent bags had to be manually weighed. A semi-automatic balancing system became available at a later date, but paradoxically this system increased the potential for significant treatment errors with dangerous consequences due the possibility of error when resetting the balance for the hourly calculation. Only when fully automatic balances were developed did the CRRT machines achieve accurate balance control, with a 24-h recording of fluid exchanges and various safety features, such as the balance error threshold (that stops the CRRT session when exceeded-see below).
The modern practice of CRRT in infants
When a blood pump was subsequently added to the circuit to perform continuous veno-venous hemofiltration (CVVH) and continuous veno-venous HD (CVVHD), two veins or a single vein with a double lumen catheter were cannulated and all technical aspects learnt during the "CAVH era" seemed to lose importance: circuits became automatic and somewhat safer, fluid balancing became much more accurate, and the research towards miniaturization for the care of smaller patients suddenly stopped due to the greater versatility of modern CRRT machines. At blood flows of between 20 and 80 ml/min, pressure sensors within the blood lines were required to minimize the risk of damage to the vessels and any possible mechanical complication. New blood lines allowed continuous monitoring of the pre-and post-filter pressures, thus making the continuous evaluation of filter and circuit patency possible. The hemofilter could also be incorporated into the cardiopulmonary bypass system after open heart surgery and extracorporeal membrane oxygenation (ECMO).
The indications for RRT in pediatric patients with AKI have changed over the years, and the present trend is towards a wider spectrum of applications, including the prevention of fluid accumulation and MODS [17] . At the present time, PD is the RRT treatment of choice in neonates, unless specific contraindications are present (i.e., peritonitis, abdominal masses, or bleeding). However, in PD, UF and solute clearance occur rather slowly and efficiency is suboptimal.
Extracorporeal dialysis in children can be managed with a variety of modalities, including intermittent HD, and continuous hemofiltration or hemodiafiltration. The choice of dialysis modality to be used is influenced by several factors, including the goals of the dialysis, the unique advantages and disadvantages of each modality, and institutional resources. Intermittent dialysis may not be well tolerated in infants because of rapid rate of fluid removal and of osmotic shifts secondary to sudden solute clearance: this condition is particularly evident in hemodynamically unstable, critically ill pediatric patients [18] . A specific indication to intermittent dialysis is the presence of severe hyperammonemia refractory to medical therapy [19] . Critically ill children, however, are generally treated by CRRT, which allows for slow fluid removal, solute re-equilibration and, probably, the removal of pro-inflammatory mediators.
Critically ill infants with AKI are at the highest risk of water accumulation and inflammation, especially in the postoperative phase. Post-heart surgery patients, for example, receive UF during and/or soon after cardiopulmonary bypass weaning in order to remove water and inflammatory mediators before the harmful effects of inflammation and fluid overload become clinically relevant [20] . It must be remembered that, although commonly performed in several centers, the rationale for utilization of continuous and modified UF is still being debated. Several studies have demonstrated that survivors of CRRT tend to have less fluid overload than non-survivors at the time of CRRT initiation, especially in the setting of MODS, independent of other factors [21, 22] . Interestingly, it is currently not clear if the correction of fluid overload really does change the poor outcomes of these patients. For this reason, in children, equal priority is given to the early correction or prevention of fluid overload, and to dialysis dose.
With regard to the CRRT modality, the solute clearance at the low blood flow rates typically used in pediatric patients has been shown to be similar in post-dilution CVVH and CVVHD [23] . Hemofiltration has specific advantages in HD in terms of the clearance of medium/high-molecular-weight solutes. When there is an increased risk of filter clotting, pre-dilution hemofiltration may, therefore, be the preferred modality. There are no randomized trials guiding the prescription of CRRT in children: a small solute clearance of 2 l/h/1.73 m 2 of body surface area (BSA) has been recommended in children [24] . For CVVH, this translates to replacement fluid rates of 1-2 ml/min in a neonate of 2.5-3.0 kg.
Current challenges and future developments
AKI in neonates and infants is an "orphan disease" Pediatric AKI is a dramatic syndrome requiring careful clinical management. To date, despite significant advances in critical care technology, a truly pediatric CRRT system has never been developed. Consequently, while currently available CRRT machines have been equipped with pediatric circuits and lines, demonstrating an attempt to comply with the specific requirements of the very small patient, most machines-if not all-are used off label when patients with a body weight of <15 kg are being treated. Moreover, a specifically designed neonatal machine has never been conceived. The small number of cases, together with the limited interest of industry to develop a fully integrated device specifically designed for the pediatric population, have made AKI/acute renal failure in infants and neonates an "orphan disease".
Current CRRT technology is inadequate
Current CRRT machines present with significant limitations for the pediatric population and, in some cases, severe complications have occurred. In current practice, the clinical application of dialysis equipment to pediatric patients is substantially "adapted" to smaller patients, with great concerns about the outcomes and side effects of such extracorporeal therapy. Under these conditions, in contrast to adult critically ill patients who receive renal support with modern devices and very strict safety features, smaller patients cannot rely on a very accurate delivery of therapy, especially in terms of fluid balance. In addition, current dialysis monitors and CRRT machines are not designed to treat a small infant who requires accurate blood flow rates in the range of 10-50 ml/min and an hourly UF error of <5 g/h. The accuracy of current systems is limited: a recent accurate analysis of the most commonly used machines in the adult setting showed the balance error to be an alarming 20-190 g [25] depending on the machine and on the treatment flow rate (with the lowest flows being the most accurate). Interestingly, machines also have different "reaction times" before a fluid balance error occurs (range 10-20 s), which explains how, in the worst case, more than 500 ml could be excessively removed from a patient within a couple of minutes after three or four unchecked alarm overrides. Remarkably, third-generation machines automatically stop CRRT sessions when a (adjustable) fluid balance error (typically 60-500 ml) has been reached within the (adjustable) time unit (typically 3 h). Before this feature application, fatal errors often occurred in the very small patient. In a recent personal observation the average fluid removal error in a cohort of small pediatric patients treated with different CRRT set-ups and flow ranges ranged from −0.5 to 3.7 ml/h [26] . This trend tended to shift from the lowest to the highest error in proportion to the duration of the session, especially when the dialysis machine was applied to the ECMO. During that study, we observed an unintentional daily excess fluid removal of 200 ml in one patient. Furthermore, since manufacturers of dialysis or CRRT machines do not perform specific tests for treatments in patients weighing less than 10-15 kg and safety features in these patients are not specifically created, legal concerns may arise when operators decide to prescribe these therapies.
The CA.R.PE.DI.E.M. project
The Cardio-Renal, Pediatric Dialysis Emergency Machine (CARPEDIEM) is a project developed by the Department of Nephrology and International Renal Research Institute of the San Bortolo Hospital in Vicenza (IRRIV) with the aim of creating the basis for the conception of RRT equipment specifically dedicated to newborns and small infants in the weight range of 2.0-9.9 kg and with an approximate BSA of 0.15-0.5 m 2 . The total blood volume in such patients ranges from <200 ml to about 1 l, which means that the total body water content varies from 1 to 5 l. Under such conditions, priming volumes of the circuits should be reduced to a minimum level, and roller pumps should be able to run at a slow speed, thereby guaranteeing the integrity of the lines (small roller pumps running small tubes are expected to cause a quick decline in their performance) and maintaining an excellent level of flow and balance accuracy.
The ambition of the CARPEDIEM project is to reconsider the technical and clinical expertise accumulated during the "pediatric CAVH era" and to design, with the help of modern miniaturization engineering skills, the first neonatal CRRT monitor. The project has been financed by an unrestricted grant from a non-profit organization [Associazione Amici del Rene di Vicenza (A.A.R.VI)], and the apparatus was conceived in Vicenza and built in Mirandola, Italy with the collaboration of two industrial companies (Bellco, Mirandola, Italy and Medica, Medolla, Italy). The CARPEDIEM machine (Fig. 3) has been developed as a CRRT platform and has received European Union certification. The machine is now ready for clinical use, and the in vitro testing with catheters of different sizes and at different flow rates has demonstrated how it responds to the required criteria of performance and accuracy.
The CARPEDIEM machine measures 44 (L) × 43 (H) × 23 (W) cm, weighs 13 kg, and is specifically designed as a miniaturized, transportable device. It is provided with 6 inches of user interface, three 40-mm-diameter roller pumps, two scales, and three pressure transducers. Blood leakage and the presence of air in the circuit are monitored by two detectors proximal to the effluent line and the return line, respectively. A 20-ml syringe pump for heparin infusion is part of the system. An alarm light atop the machine is present, with three greenyellow-red colors indicating the severity of the problem. The miniaturization effort has currently resulted in the development of three pre-assembled circuits with new polysulphone membranes, each with a surface area of 0.075, 0.147, and 0.245 m 2 and priming volumes of 27.2, 33.5, and 41.5 ml, with the circuit included (extracorporeal blood volume). The machine automatically detects the specific dialyzer in use and accordingly sets the maximum achievable performance. The treatment set-up is achieved by blood flow, dialysate/hemofiltration, and net UF regulation: these three main treatment characteristics clearly appear in the main page of the user interface. One paddle and three buttons (help, disable alarm, and confirm) are features of the simplified control panel of the machine. It is possible to verify and modify the prescription during the treatment on the user interface. In particular, a net UF target can be chosen at the session start (eventually modifiable) and monitored on-line during the session. The blood pump flow rate ranges from 5 to 50 ml/min. The maximum total achievable UF and dialysis/ hemofiltration rates range from 5 ml/min with the largest dialyzer, down to 2.5 ml/min for the smallest dialyzer. This technical set-up is considered to be able to meet the target of small solute clearance of 2 l/h/1.73 m 2 of BSA and/or 25-35 ml/kg/h in patients weighing <10 kg. To ensure accurate fluid balance, the CARPEDIEM is equipped with gravimetric control combined with an excellent scale sensitivity of 1 g for both infusion and effluent bags. An automatic feedback system continuously adjusts pump speed according to the prescribed and actual delivery of fluid: the difference between prescribed and achieved fluid balance is always kept less than 20 g/24 h. The treatment is terminated when a session fluid balance error of 50 g is reached.
We recently performed in vitro tests with milk and with bovine blood (hematocrit 35 %, protein concentration 5 g/dl) that were both run through 4 and 7 French bilumen catheters (Fig. 4) . Circuits were run for 24 h, and no significant changes in flow accuracy were observed. Our tests estimated an excellent accuracy of blood pump flow rate, with an error <10 %, with the error being slightly higher at slower blood flows. The error in the reinfusion flow ranged from −8 to +7.5 %. Importantly, UF accuracy always remained within the limit of 1 g/h. The relationship between the TMP and filtration was evaluated at 10, 15, 20 30 ml/min of blood flow and at 0, 1, 2, 3, 4 ml/min of filtration. Interestingly, when the TMP/filtration flow graph was evaluated on the three available filters, we noticed that a plateau TMP (typically reached when the filtration flow rate exceeds membrane capacity) was recorded only at the maximum available filtration flow settings and the lowest blood flow rates (Fig. 5) , showing that filters' performance is generally optimized with the CARPEDIEM set-up. Micro-hemolysis was evaluated by measuring the normalized (by hematocrit) index of hemolysis (NIH). We tested three different assembly lines and dialyzers in three tests each: the first with the D050 dialyzer and a blood flow of 40 ml/min; the second with the D150 dialyzer and a blood flow of 50 ml/min; the third without the dialyzer setting and the maximum pump speed. A 1-l sample of bovine blood (hematocrit 45 %) was allowed to circulate for 10 h. The observed micro-hemolysis was below the safety level and no difference was observed for the three types of test circuits.
With the current machine set-up, heparin anticoagulation (at the conventional rate of 2-10 international units of unfractionated heparin/kg/h) will be delivered. It is as yet unknown if the typical prothrombin time of 40 s, utilized in our institution in order to optimize filter patency, will be adequate, or if higher heparin doses will be required.
CARPEDIEM project pathway
To date, short-and medium-term goals have been achieved. Further steps remain to be accomplished. These include (1) validation of CARPEDIEM use in clinical practice; (2) development of a multicenter trial to define the ideal prescribing and application of neonatal CRRT; (3) actions towards achieving the large-scale production of the machine and its disposable dedicated circuits. The CARPEDIEM project was conceived in Vicenza, but in addition to the pediatric intensive care center in Vicenza, other Italian pediatric cardio-surgical centers (Rome and Milan) are currently participating in the first in vivo CARPEDIEM trial. This network is expected to develop into a multinational study group when the clinical phase comes into place.
Conclusion
AKI is a severe clinical condition that is further complicated in small children by the peculiar problems of these patients. Early diagnosis, prevention, conservative measures, a multidisciplinary approach, and timely RRT are all part of a common approach that must be undertaken in these highrisk patients. The outcomes may vary significantly depending on the underlying disease, the severity of illness, and the time of intervention. To date, however, outcomes of critically ill children with AKI are poor, and a strategy for improvement is urgently needed. In this scenario, new technological advances, such as miniaturized circuits and membranes and accurate CRRT machines, as well as effective prescription schedules provide promise to the clinician for improving the quality of treatment.
